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Abstract. The medium-induced one-gluon radiation spectrum off a massive quark-
antiquark (qq¯) antenna traversing a colored QCD medium is calculated in this
contribution. The gluon spectrum off the antenna computed at first order in the
opacity expansion is collinear finite but infrared divergent, which is different from
the result obtained from an independent emitter which is both infrared and collinear
finite. The interference between emitters dominates the soft gluon radiation when the
antenna opening angle is small and the emitted gluon is soft, whereas the antenna
behaves like a superposition of independent emitters when the opening angle is large
and the radiated gluon is hard. As a phenomenological consequence, we investigate
the energy lost by the projectiles due to the radiation. In general, the size of the mass
effects is similar in both cases.
1. Introduction
Calculations of radiative energy loss via medium-induced gluon radiation (see e.g. [1]
and refs. therein) off massive quarks were performed in [2, 3, 4]. Two effects compete
against each other. The gluon formation time,
[
tformg (m 6= 0)
]−1 ∼ [tformg (m = 0)]−1 +
m2q/Eq, of a massive quark (with mass mq and energy Eq) is shorter than that of a
massless quark, so gluon emission in the former is less suppressed by the LPM effect than
that in the latter. On the other hand, gluon radiation off a massive quark is suppressed
at angles smaller than the so-called dead cone angle θ0 = mq/Eq, similarly to the case
in vacuum [5, 6]. The generic result of this competition is that a massive quark loses
less energy in a medium than a massless one. But the mentioned calculations do not
consider the effects of the interference between emitters and therefore the extension to
multi-gluon radiation relies on ad hoc conjectures.
In order to investigate these interference effects in vacuum, a quark-antiquark
(qq¯) antenna was considered, see [7] and references therein. The soft gluon radiation
ar
X
iv
:1
10
7.
02
91
v1
  [
he
p-
ph
]  
1 J
ul 
20
11
Mass effect and coherence in medium-induced QCD radiation off a qq¯ antenna 2
spectrum off a massless qq¯ antenna in vacuum exhibits angular ordering (AO): radiation
is suppressed at θ > θqq¯ (after averaging over the gluon azimuthal angle), where θ is
the angle between the emitted gluon and the parent quark (antiquark) and θqq¯ is the
antenna opening angle. The massless antenna spectrum diverges when θ → 0 and ω →
0. When the quarks have a non-zero mass, AO is modified and the collinear divergence
disappears due to the dead cone effect, but the soft divergence remains. The result was
shown to hold for arbitrary color representations of the qq¯ pair.
Medium-induced soft gluon radiation off a massless qq¯ antenna has been studied
recently [8, 9, 10, 11]. The spectrum exhibits antiangular ordering (AAO) - there is no
collinear divergence (θ > θqq¯ > 0) - but the soft divergence persists, at variance with
the results in [2, 3, 4]. Due to space limitations, here we show some selected results for
a massive quark-antiquark pair at first order in opacity.
2. Results
2.1. Considered diagrams
In Fig. 1 we show the three types of diagrams that we consider. They correspond
to the independent emission off the quark (antiquark), denoted as independent and the
interference between the quark and antiquark, denoted as interference I and interference
II, respectively. The total number of diagrams computed is 96.
independent interference I interference II
Figure 1: Examples of Feynman diagrams representing the three contributions to the antenna
spectrum. The cross denotes the position of scattering, the l.h.s. of the dashed line is the
amplitude and the r.h.s. of the dashed line is the complex conjugate amplitude, with the
dashed line being the cut.
2.2. Average energy loss
The average radiative energy loss for gluons with energies ωmin < ω < ωmax is
∆E =
∫ ωmax
ωmin
dω
∫ pi/2
0
dθ ω
dN
dω dθ
. (1)
The ratio ∆E/E as a function of θqq¯ is shown in Fig. 2, where E = Eq = 100 GeV
for the independent emitter case and for the antenna the spectrum is divided by 2 as it
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Figure 2: Dependence of the medium-induced radiative relative energy loss on the antenna
opening angle. The parameters are: Debye mass mD = 0.5(2) GeV and medium length
L = 4(10) fm for the plots on the left (right). The solid curves correspond to the massless
antenna, the dotted curves to the bottom antenna, the dashed curves to the massless
independent spectra and the dash-dotted curves to the bottom independent spectra. From
top to bottom, the values used in Eq. (1) for ωmin are 0, 2 and 6 GeV, while those for ωmax
are 2, 6 and Eq.
gets contributions from both the quark and antiquark. In the soft and moderate gluon
energy regions (0 ≤ ω ≤ 2 GeV and 2 GeV ≤ ω ≤ 6 GeV), both the massless and the
massive antenna spectra grow monotonously with an increasing opening angle θqq¯ and
the former is larger than the latter. In the hard gluon radiation sector (6 GeV≤ ω ≤ Eq),
the situation is similar for large medium parameters while, for small medium parameters
(lower left plot), there is a crossing between the massless and the bottom antennas due to
the LPM effect which results in a larger energy loss for larger masses as discussed in the
Introduction and found previously e.g. in [2]. Therefore, for large medium parameters
the dead cone effect dominates over the LPM in all cases. Both massless and massive
antenna results approach the ones from independent emitters when θqq¯ is large, showing
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that the interference between the quark and the antiquark of the antenna reduces with an
increasing opening angle. Besides, in the soft gluon emission region and for large medium
parameters, there is apparently more energy loss in the antenna than for independent
emitters in both the massless and the massive cases. This reflects the fact that the
antenna spectrum exhibits a soft divergence while the independent spectrum is infrared
finite. In the moderate and the hard gluon emission sectors, the antenna average energy
loss increases and gradually approaches the independent average energy loss with an
increasing antenna opening angle θqq¯, which indicates that more collimated projectiles
lose less energy. There is no radiation for the antenna when θqq¯ → 0. The size of the
mass effect in the antenna is similar to the one for independent emitters.
3. Conclusions
In this contribution, we show some results of the medium-induced gluon radiation
spectrum off a qq¯ antenna at first order in opacity for the massive case. In this
computation, performed in the high-energy limit, both the non-abelian LPM effect
and the dead cone for massive quarks (both contained in the medium-induced gluon
spectrum off individual emitting partons - the BDMPS-Z-W/GLV formalism), and the
interference between emissions off the quark and antiquark, are included.
The antenna radiation is found to be dominated by that off independent emitters
for large opening angles of the antenna and for large energies of the emitted gluon.
More collimated antennas lose less energy. The phase space restriction for gluon
emission implied by the dead cone effect is similar in the antenna and in the case
of independent emitters. The effect of the interference between different emitters is to
generate predominantly soft radiation at large angles.
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